AFM study of morphology and mechanical properties of a chimeric 2 spider silk and bone sialoprotein protein for bone regeneration by Gomes, Sílvia C. et al.
Published: March 04, 2011
r 2011 American Chemical Society 1675 dx.doi.org/10.1021/bm2000605 | Biomacromolecules 2011, 12, 1675–1685
ARTICLE
pubs.acs.org/Biomac
AFM Study of Morphology and Mechanical Properties of a Chimeric
Spider Silk and Bone Sialoprotein Protein for Bone Regeneration
Sílvia Gomes,†,‡,§ Keiji Numata,|| Isabel B. Leonor,†,‡ Jo~ao F. Mano,†,‡ Rui L. Reis,*,†,‡ and David L. Kaplan*,§
†3B’s Research Group - Biomaterials, Biodegradables and Biomimetics, Department of Polymer Engineering, University of Minho,
Headquarters of the European Institute of Excellence on Tissue Engineering and Regenerative Medicine, AvePark, Zona Industrial da
Gandra 4806-909 Caldas das Taipas, Guimar~aes, Portugal
‡Institute for Biotechnology and Bioengineering (IBB), PT Associated Laboratory, Braga, Portugal
§Departments of Biomedical Engineering, Tufts University, Medford, Massachusetts 02155, United States
)Enzyme Research Team, Biomass Engineering Program, RIKEN, 2-1 Hirosawa, Wako-shi, Saitama, 351-0198, Japan
1. INTRODUCTION
With the potential importance of tissue engineering in
healthcare the design of new biopolymers with improved
mechanical and biocompatibility characteristics has become
a major goal in the ﬁeld of biomaterials research. Spider
dragline silk ﬁbers exhibit remarkable viscoelastic properties,
combining a tensile strength similar to steel and Kevlar with a
high elasticity that is comparable to that of rubber.1 In part,
these mechanical properties are a consequence of the amino
acid chemistry where the hydrophilic GGX motif (G stands
for glycine, X is mostly glutamine) alternates with polyala-
nine (poly-A) motifs.2 The GGX motif adopts a helical
conformation forming an amorphous region that connects
the poly-A motifs, providing elasticity to the silk ﬁber. The
hydrophobic poly-A motifs are responsible for the formation
of rigid and highly packed antiparallel β-sheets3 resulting
from hydrogen bonding and hydrophobic interactions.4
The remarkable mechanical properties together with the
inherent biocompatibility suggest spider silk as a promising
biopolymer for bone repairs and bone growth.5 Recently, a
spidroin protein inspired by dragline silk from Euprosthenops
australis was expressed in Escherichia coli and used to
produce meter-long ﬁbers with a tensile strength of ∼0.2
GPa, which is above the values for mammalian bone and
tendon,6,7 and a elastic modulus of 7 GPa, comparable to
native dragline from Nephila clavipes.8 Furthermore, in vitro
tests with HEK 293 cells indicated that these ﬁbers were
biocompatible and capable of sustaining cell attachment and
growth.8
Recombinant spider silk oﬀers advantages over natural spider
silk. With recombinant DNA technology, the protein amino acid
sequence and length can be controlled to tailor the sequence
chemistry and polymer features to the target needs in terms
of structure and functional features.9,10 Our previous work11
described the synthesis of a new chimeric protein through the
fusion of a spider silk (6mer) with six repeats of the consensus
amino acid block from the native sequence of the major ampullate
dragline silk I protein, MaSpI, from the spider specie Nephila
clavipes, with bone sialoprotein sequence (BSP) designated by
6merþBSP (Figure 1). BSP is a noncollageneous protein present
in bone tissue that can induce the deposition of calcium phosphate
in the form of hydroxyapatite and bind to collagen ﬁbers.12 At the
cellular level, BSP induces the attachment and diﬀerentiation of
osteoblasts13 and stimulates osteoclast activity,14 thereby playing an
important part in the remodelling process of bone. In previous
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ABSTRACT: Atomic force microscopy (AFM) was used to assess a
new chimeric protein consisting of a fusion protein of the consensus
repeat for Nephila clavipes spider dragline protein and bone sialo-
protein (6merþBSP). The elastic modulus of this protein in ﬁlm
form was assessed through force curves, and ﬁlm surface roughness
was also determined. The results showed a signiﬁcant diﬀerence
among the elastic modulus of the chimeric silk protein, 6merþBSP,
and control ﬁlms consisting of only the silk component (6mer). The
behavior of the 6merþBSP and 6mer proteins in aqueous solution in
the presence of calcium (Ca) ions was also assessed to determine
interactions between the inorganic and organic components related
to bone interactions, anchoring, and biomaterial network formation.
The results demonstrated the formation of protein networks in the
presence of Ca2þ ions, characteristics that may be important in the
context of controlling materials assembly and properties related to
bone formation with this new chimeric silk-BSP protein.
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work, we demonstrated that the fusion protein 6merþBSP main-
tains the ability to induce the deposition of calcium phosphate, due
to the presence of the BSP domain.11
In the present study, atomic force microscopy (AFM) was
used to collect topographic images of 6mer and 6merþBSP ﬁlms,
to measure surface roughness of these ﬁlms and to assess the
elasticity of the ﬁlms, since AFM can also be used to determine
local mechanical properties of soft polymeric samples.15 The
AFM tip is used to indent the sample resulting in a force curve
that can be analyzed for elastic response of the sample to the
small loading force applied by the tip.15 The Hertz model for
elastic indentations can be used to calculate Young’s modulus
(E).16 Previous studies have used AFM to measure the elastic
properties of spider silk either by stretching a spider silk ﬁber
attached to the AFM tip9 or by indentation into the ﬁber.16 In the
present work, AFM was used to assess the elasticity of 6merþBSP
ﬁlms versus the controls.
Because 6merþBSP was synthesized for bone-related bioma-
terial needs, the behavior of 6merþBSP in the presence of
divalent Ca2þ was also assessed with AFM imaging. The deposi-
tion of calcium phosphate induced by BSP is related to the
negatively charged polyglutamic sequences that interact with
positively charged Ca2þ ions.17,18 The binding with Ca2þ ions
was important in the formation of Ca-mediated networks of
osteopontin proteins, increasing the ability of these networks to
dissipate energy in response to applied forces, contributing to
bone plasticity.19 The study of 6merþBSP in the presence of
Ca2þ ions is important to gain insight into how these types of
molecules form Ca-mediated networks related to bone regenera-
tion. The presence of these types of Ca-BSP networks fully
integrated with a robust silk biomaterial could be useful both in
osteointegration and for structural support.
2. MATERIALS AND METHODS
2.1. Cloning and Protein Expression. The clone carrying the
DNA sequence coding for BSP was purchased from the Harvard clone
collection (Clone Identification: HsCD00082642, “The ORFeome
Collaboration” Dana-Farber/Harvard Cancer Center, Boston, MA)
and inserted in the vector pET30L (Novagen, San Diego, CA) carrying
the silk block copolymer,10 as we have previously described.11 The
6merþBSP protein was expressed in E. coli RY-3041 strain grown in
Hyper Broth (0107-S, Athens Enzyme Systems, Baltimore, MD) to an
OD600 of 1 in the presence of kanamycin 25 μg/mL. Expression was
induced with isopropyl β-D-thiogalactoside (IPTG, 15529019, Invitro-
gen, Carlsbad, CA) 0.5 mM. The cells were harvested by centrifugation,
and cell pellet was lysed under denaturating conditions using the buffer
100 mMNaH2PO4, 10 mMTris HCl, and 8 M urea (pH 8.0). Insoluble
cell debris were excluded from the mixture by centrifugation, and the
supernatant was collected. After incubating the supernatant with Ni-
NTA resin (30250, Qiagen, Valencia, CA) for 2 h, the mixture was loaded
in a column and washed several times with denaturating buffer at pH 8 and
at pH 6.0. Protein was eluted using denaturating buffer at pH 4.5. Protein
solution was loaded into snake skin membranes (131054, Spectra/por
Biotech, Rancho Dominguez, CA) and dialyzed against 20 mM sodium
acetate buffer (pH 4.75), followed by dialysis inMQwater. Finally, protein
solution was lyophilized in a LabConco (Kansas City, MO) lyophilizer.
2.2. Sample Preparation. The 6merþBSP and 6mer protein (silk
control) were dissolved in MQ water to a final concentration of 2% (m/
v). Then 20 μL of protein solution was cast onto freshly cleaved mica
surfaces and left to dry at room temperature. After drying, the protein
films were treated with 70% methanol solution for 2 h to induce the
transition of secondary structure from random coil to β-sheet, providing
stability in aqueous solutions. A total of three protein films was used to
collect force curves. To study the formation of protein networks, we
dissolved the 6merþBSP and 6mer proteins in three different solutions:
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES, pH 7.4)
0.1 mM buffer, HEPES 0.1 mM buffer containing magnesium (Mg2þ)
ions in a molar ratio of 1:1000 (protein/Mg), andHEPES 0.1 mMbuffer
containing Ca2þ ions in amolar ratio of 1:1000 (protein:Ca).20 The final
protein concentration was 0.01 mg/mL. Protein solution was deposited
onto freshly cleaved mica surfaces and left to dry at room temperature.
2.3. AFM Imaging and Force Spectroscopy. An AFM (Veeco
Dimension V 3100 scanning probe microscope, NY) with a scanning
range of 90 μm2 and a z range of 7 to 8 μm was used for imaging and
force-curve measurements. AFM cantilevers (Veeco, FESP) made of
silicon with a spring constant of 3.152 N/m were used, and AFM imaging
and force-curve measurements were performed in the dry mode. A total of
100 force curves were recorded for both 6merþBSP and 6mer films,
respectively, using the software NanoScope V (Veeco). Mica was used as a
control. Force curves were collected using contact mode AFM. Samples
were imaged with tapping mode AFM. The tapping mode operation
allowed the visualization of weakly adsorbed samples by eliminating the
lateral forces between the probe tip and the sample.21 The heights of the
structures imaged on mica were determined by section analysis using
Nanoscope image analysis software. Roughness measurements were
performed with the NanoScope V (Veeco). Two values were measured:
the root-mean-square (rms) and the arithmetic average height (Ra). Rms
represents the standard deviation of the height values within a given
area and allows the surface roughness to be determined by statistical
methods.22,23 Ra is the most frequently used roughness parameter and is
defined as the average deviation of the roughness irregularities from the
mean line over one sampling length.22,23 Because roughness values change
with the scan size, the measurements were performed using three different
scan windows: 20  20, 10  10, and 2  2 μm2.
2.4. Analysis of the Data from the Force Curve Measure-
ments. In a force curve, the cantilever deflection (d) is registered as a
function of its vertical position (z) (eq 1). The slope of the force curve
gives a qualitative idea of the sample elastic properties. For a stiff sample,
the force curve is characterized by a flat area when the tip is approaching
the sample and by a slope region where the cantilever deflection is
identical to the z movement, d = z.15,16 However, in the case of a soft
sample, this slope region becomes shallower as a result of the decrease in
the deflection value due to elastic indentation (δ)
d ¼ z δ ð1Þ
Hooke’s law relates the deﬂection with the applied force through the
force constant of the cantilever (k)
Figure 1. Amino acid sequence for the 6merþBSP protein. The linkers
for the BSP sequence are underlined. The 6mer is represented in black
and the BSP sequence is represented in gray.
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F ¼ kd ¼ kðz δÞ ð2Þ
The Hertz model relates the indentation δ with the loading force F,
and by using the Sneddon modiﬁcation,24,25 we have
F ¼ 2
π 3
E
1 v2 3 δ
2
3 tanðRÞ ð3Þ
where E is the elastic or Young’s modulus, v is the Poisson ration of the
sample, assumed to be 0.5 for incompressible materials,26 and R is the
opening angle of the AFM tip. By combining eqs 2 and 3, we have
kd ¼ 2
π 3
E
1 v2 3 δ
2
3 tanðRÞ ð4Þ
With the rearrangement of eq 4, we have an expression for indenta-
tion δ
δ ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
kd
ð2=πÞ½E=ð1 v2ÞtanðRÞ
s
ð5Þ
Because δ can not be detected directly by AFM, it can be replaced by
combining eqs 1 and 527
z ¼ dþ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
kd
ð2=πÞ½E=ð1 v2ÞtanðRÞ
s
ð6Þ
For data treatment, we will use the more general form
jz z0j ¼ d d0 þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
kd
ð2=πÞ½E=ð1 v2ÞtanðRÞ
s
ð7Þ
d0 and z0 are the initial values of deﬂection and height, respectively.
28
Equation 7 was used to ﬁt the date from the recorded force curves and
to calculate the value of the elastic modulus, E, for the 6merþBSP and
6mer ﬁlms.
2.5. Secondary Structure Analysis. Because β-sheet and ran-
dom coli/helix content are considered to be major factors related to the
mechanical properties of spider silk materials, attenuated-total reflec-
tance Fourier transform infrared spectroscopy (ATR-FTIR) was per-
formed to assess the secondary conformation of both the 6mer and
6merþBSP proteins. These data provide structural details to support the
interpretation of mechanical properties from the AFM studies, including
the differences between the calculated Young’s modulus for the 6mer
and 6merþBSP films. ATR-FTIR measurements were performed with
the 6mer and 6merþBSP films, prepared as mentioned in Section 2.2,
using a Jasco model FT/IR-6200 type A equipment (Jasco, MD).
Spectra were collected in absorption mode at 8 cm1 resolution using
64 scans in the spectral range 4000 to 400 cm1. The quantification of
secondary structure was based on the analysis of the amide I region
(1700 to 1600 cm1) and was determined through the deconvolution of
the spectra, followed by the normalization of the obtained values to the
total area of the amide I region.29 In brief, OPUS deconvolution software
(Bruker Optics, Billerica, MA) was used for spectra deconvolution.
Following deconvolution, the spectra were curve-fitted with Gaussian
bands using the peak pick function, and the information concerning the
percentage of amide I and II regions, bandwidth, and band position,
referring to β-sheet or R-helix conformations, can be obtained.30
2.6. Circular Dichroism. Circular dichroism (CD) spectroscopy
was performed with an Aviv, model 410 (Biomedical, NJ) equipment.
The spectra were collected between 260 and 180 nm with a step size of
1 nm and an average time of 1s. A total of five scans was collected in three
different samples for each condition. A baseline spectrumwas subtracted
from the samples. Cells of 0.1 cm path length were used and measure-
ments were performed with 1 mg/mL protein solutions in 0.1 mM
HEPES buffer (pH 7.4) and in 0.1 mMHEPES containing Ca2þ ions in
a molar ratio of 1:1000 (protein/Ca), as mentioned in Section 2.2. The
procedure was repeated in the presence of Mg2þ ions and 0.1 mM
HEPES containing Mg2þ ions in a molar ratio of 1:1000 (protein/Mg).
CD provided a check to determine if there were any differences in
secondary conformation of the 6merþBSP and 6mer when in a buffer
solution with pH of 7.4 in the presence of Ca2þ or Mg2þ ions.
2.7. Statistical Analysis. Statistical analysis was performed with
SPSS 17.0. Shapiro-Wilk test was use to test for the normality of the data.
Because the data had no normal distribution, the nonparametric
MannWhitney test was used to test for significant differences. In the
case of data with normal distribution, the parametric test t was used.
Statistical significance was defined as p < 0.05.
3. RESULTS
3.1. Force Curves and Young’s Modulus (E) Calculations.
Figure 2 shows the force curves for the 6mer and 6merþBSP
films and on a hard sample control, mica. By comparing the slope
regions, the elastic modulus (E) was calculated using the d and z
values extracted from the force curves collected using eq 7
(Section 2.4). The E values for both the 6mer and 6merþBSP
films were 1.1 ( 0.6 and 1.5 ( 0.6 GPa, respectively, and were
calculated based on the force curves collected for at least 100
different points in each protein film. Statistical analysis indicated
that the Young’s modulus value calculated for the 6mer film was
significantly lower than the value obtained for the 6merþBSP
film (p < 0.05). E values were calculated by averaging over all
points where the force curves were collected.
3.2. Secondary Structure analysis. For both the protein
films, 6mer control and 6merþBSP, ATR-FTIR spectra revealed
no major differences between secondary structures. For both
proteins, two peaks were observed, at 1624 and 1520 cm1, ind-
icative of an antiparallel β-sheet conformation, and a third peak
was found at 1650 cm1 corresponding to a helix/random coil
conformation2,10,31 (Figure 3). Spectral deconvolution indicated
that both proteins had similar percentages of β-sheet and helix/
random coil (Table 1) and statistical analysis indicated no
significant difference (p > 0.05).
3.3. Roughness Measurements. Figure 4 shows representa-
tive surface topographies from AFM images of the 6mer and
6merþBSP films, used for the calculation of the roughness values
rms and Ra. Rms and Ra values were similar for the 6mer and
6merþBSP films (Table 2), and statistical comparison indicated
Figure 2. Force curves on 6mer and 6merþBSP ﬁlms, and on mica: (a)
cantilever approaching the surface, (b) contact point, and (c) cantilever
in contact with the surface.
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no significant difference (p> 0.05). The rms values for blankmica
using the scan sizes of 20 20, 10 10, and 2 2μm2were 0.881,
0.455, and 0.085 nm, respectively. For Ra, these values were 0.712,
0.377, and 0.067 nm for 20 20, 10 10, and 2 2μm2 scan sizes,
respectively.
3.4. AFM Imaging. Tapping mode AFM imaging showed
that when dissolved in HEPES 0.1 mM (pH 7.4), most of the
6mer appeared as large globular, amorphous protein aggregates
(Figure 5A). The aggregates had different sizes, with diameters
ranging from 0.489 to 0.736 μm and heights varying from 122.7
to 134.7 nm. Aggregates with similar morphology and size were
also observed when the 6mer protein was dissolved in HEPES
buffer containing Mg2þ ions in a molar ratio of 1:1000 protein/
Mg (Figure 6A). However, after the 6mer protein was dissolved
in HEPES buffer containing Ca2þ ions in a molar ratio of 1:1000
(protein/Ca), the 6mer appeared more fibrous with a tendency
to form fiber aggregates (Figure 7A). The cross sections of these
fibers or aggregates showed a width ranging from approximately
0.1 to 0.04 μm and a height between 2.6 and 5.8 nm.
In the case of the 6merþBSP dissolved inHEPES, AFM imaging
revealed two diﬀerent forms of aggregates: elongated sheets forming
large assemblies and spherical particles (Figure 5B). The sheets had
heights between 1.4 and 1.8 nm. The second population of aggr-
egates corresponding to spherical particles had heights between 6
and 7 nm (Figure 5B of 6.82 nm) and widths around 0.098 μm.
Both types of aggregates had diﬀerent shapes from those observed
in the case of the 6mer protein dissolved in HEPES. Similarly to
what happened with the 6mer protein, when the 6merþBSP was
dissolved in HEPES buﬀer containing Mg2þ ions, the aggregates
observed were similar to those obtained when dissolved in HEPES
solution only. Once again, large assemblies of elongated sheets were
detected together with particles with an amorphous shape. These
sheets had heights ranging between 1.89 and 1.35 nm, as observed
for the HEPES solution (Figure 6B).
When the 6merþBSP protein was dissolved in HEPES with
Ca, two distinct structures were observed, one corresponding to
protein networks with diﬀerent widths and another correspond-
ing to individualized particles (monomers and dimers). The widths
for the aggregate networks varied, the smaller ones in Figure 7B1
have widths of ∼0.2 μm, and the largest ones corresponding to
number 3 had diameters of 1.1μm, as seen in cross-sectional images.
The height values for these structures were between 1.9 and 2.3 nm.
The second population of structures corresponded to particles with
diameters of 0.02 to 0.04 μm and heights of∼0.8 nm. (see section
for Figure 7B3).Once again, the forms observedwere diﬀerent from
those imaged with the 6mer protein and also diﬀerent from those
detected for the 6merþBSP dissolved in HEPES and HEPES with
Mg added.
3.5. CD Analysis. CD spectroscopy for the 6mer protein
showed no apparent difference between the spectra collected for
the protein dissolved in HEPES and that dissolved in HEPES
with Ca orMg added. For the three spectra, a predominance of β-
hairpin conformation (Figure 8) was found, characterized by a
negative ellipticity with aminimum at∼202 nm.32,33 Also, for the
BSPþ6mer protein, nomajor differences were observed between
the spectra collected in the presence of Ca or Mg and in HEPES.
In the three spectra, the presence of R-helix was observed, with
two minima at 210 and 220 nm32,33 (Figure 8).
4. DISCUSSION
In the present work, the Young’s modulus was calculated for
the 6mer control and 6merþBSP ﬁlms based on the force curves.
The values for the Young’s modulus were 1.1( 0.6 and 1.5( 0.6
GPa for the 6mer and 6merþBSP ﬁlms, respectively, and statistical
analysis showed a signiﬁcant diﬀerence (p < 0.05). This divergence
may be due to the insertion of the BSP domain, which could
interfere with the ability of the silk to form β-strands, resulting in a
change in assembly and thus inmechanical characteristics.However,
ATR-FTIR analysis showed a similar presence of the β-sheet (1624
and 1520 cm1) for both the 6mer and 6merþBSP ﬁlms, after
treatment with methanol. Furthermore, with the deconvolution of
ATR-FTIR spectra, the percentage of β-sheet and random coil
showed no statistical diﬀerences (p > 0.05) between the 6mer and
6merþBSP ﬁlms.
An alternative explanation for the diﬀerences in mechanical
properties determined by AFM could be the high content of the
Figure 3. ATR-FTIR spectra of the 6mer and 6merþBSP ﬁlms after 2 h of treatment with 70% methanol.
Table 1. Percentage of β-Sheet and Helix/Random Coil for
6mer Control and 6merþBSP Films after Methanol
Treatment
sample β-sheet random coil/R-helix
6mer 34.5( 6 31.3( 7
6merþBSP 34.3( 3 33.4( 9
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amino acid glutamic acid in the BSP domain17 of the 6merþBSP
protein. Mechanical studies performed on silkworm silk ﬁbers
treated with four diﬀerent solvents (water, acetone, ethanol, and
isopropanol) showed that immersion in acetone, ethanol, and
isopropanol leads to an increase in stiﬀness when compared with
water. In contrast, the immersion of ﬁbers in water resulted in
a decrease in tensile modulus of the ﬁbers. These results were
explained by the fact that water disrupts inter- and intramole-
cular hydrogen bonding in the silk matrix. This disruption allows
the molecules to move with greater freedom, resulting in more
ﬂexible and elastic ﬁbers34 with a consequent decrease in stiﬀ-
ness, which was also observed for other biopolymers such as
chitosan in the presence of water.35 These hydrogen bonds occur
between the amide hydrogen and carbonyl oxygen present
in adjacent protein chains.36 In the 6merþBSP sequence, the
carboxyl groups present in the side chains of the glutamic acid
residues constitute an additional hydrogen donor increasing the
number of hydrogen bonds occurring between protein chains.
Diﬀerent studies performed with polyglutamic peptides demon-
strate the ability of these molecules to form strong hydrogen
bonds.37,38 The presence of several glutamic acid residues with
carboxyl groups in their side chains in the BSP sequence may also
contribute to an increase in the number hydrogen bonds in the
6merþBSP proteins.17 This gain in hydrogen bonding between
6merþBSP proteins chains may be a reason for the higher
stiﬀness observed for 6merþBSP ﬁlms when compared with
6mer ﬁlms. As mentioned above, the increase in number of
hydrogen bonds between silk chain segments, as a consequence
of the treatment with organic solvents, resulted in an increase in
elastic modulus values for silk.39
Figure 4. Topographies of AFM images (tapping mode) for 2% 6mer and 6merþBSP ﬁlms using 20  20, 10  10, and 2  2 μm2 scan sizes.
Table 2. Surface Roughness, RMS, and Ra for the 6mer and 6merþBSP Films Using Diﬀerent Scan Sizesa
6mer 6merþBSP Mica
rms (nm) Ra (nm) rms (nm) Ra (nm) rms (nm) Ra (nm)
20  20 μm2 scan size 252.8( 43.2 194.2( 32.0 249.4( 70.4 201.8( 61.4 0.881 0.712
10  10 μm2 scan size 124.4( 11 99.6( 8.8 144.8 ( 79.1 115.1( 63.0 0.455 0.377
2  2 μm2 scan size 23( 5.1 18.3( 4.8 14.6( 6.0 12.2( 5.5 0.084 0.066
aRMS: root mean square; Ra: arithmetic average height.
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Furthermore, the values of 1.1 ( 0.6 and 1.5 ( 0.6 GPa
obtained for the 6mer and 6merþBSP ﬁlms are close to the
values obtained for silk ﬁbroin ﬁlms, 2.7 GPa,40 but still far from
the values of 2022 GPa for stiﬀness attributed to the major
ampullate dragline silk from the spider Nephila clavipes.41 This
diﬀerence indicates that there remains a lot to learn about proces-
sing and assembly of silk proteins related to functional properties.
Finally, the elastic behavior of a protein can also be assessed
through AFM force spectroscopy by using the pulling mode. In
this mode, the cantilever tip is pressed against the molecules
deposited on the slide, picking up one or more molecules, which
are then stretched between the tip and the slide, generating a force
versus extension curve.42 By pulling the protein chain, it is possible
to measure the force required to unfold domains or loops or to
break these molecules. This technique has been applied to diﬀerent
proteins, including silk, showing that in the case of elastic ﬁbers the
force increases slowly when the ﬁber is stretched until it reaches its
elastic limit, meaning that the pulling force must be applied over
larger extensions and increasing the area under the forceexten-
sion curve. In the case of stiﬀ materials with small elastic strains,
because the extension over which the pulling force must be exerted
is smaller, the area under the forceextension curve is smaller.43 In
this way, AFM force spectroscopy either by pulling mode or by
contactmode can be used to assess two diﬀerent perspectives of the
elastic behavior of a material or protein ﬁber.
AFM was also used to provide topographic images and
roughness for the 6mer and 6merþBSP ﬁlms. The topographic
images show that the 6merþBSP ﬁlms had a smoother surface
that the 6mer ﬁlms; however, a statistical comparison showed no
signiﬁcant diﬀerence between them. Furthermore, the roughness
values indicated a relationship between this parameter and the
size of the scanned area; an increase in the size of the scanned
area resulted in an increase in roughness values. This phenom-
enon was observed for both the 6mer and 6merþBSP ﬁlms
(Table 2). Similar results were obtained in other studies when
measuring the roughness properties of diﬀerent materials using
AFM.4448 A possible reason for this result is the eﬀect of tip
geometry on the measurements of surface roughness. At small
scan sizes, if the tip is larger than the features causing the surface
texture, then the surface will appear ﬂatter as a consequence of
poor access to lower points on the surface, and the roughness
values will be lower.48 With the increase in the scan size, there is
an increase in roughness values.46 In this way, by changing the
scan size, it is possible to acquire diﬀerent surface topographies
with diﬀerent roughness values.44 The characterization of ma-
terial surface roughness on diﬀerent length scales is important
because biocompatibility of a material is dependent on material
chemistry and physical features as well as on surface roughness.49
Studies indicate that diﬀerent scales of roughness induce diﬀerent
cell responses. The use of osteoblast-like U-2 OS cells showed that
surface roughness of ground titanium had a signiﬁcant eﬀect on the
adhesion of the cells. Cell adhesion and spreading had better
outcomes for a roughness of 0.15μm in comparison with smoother
(0.05 and 0.07 μm) or rougher (0.33 and 1.20 μm) surfaces.49
Moreover, other studies indicate that roughness is important in
determining cell response as long as roughness can be sensed by
cells, meaning that the distance between peaks should not exceed
the ability of the cell to form focal attachments in two or more
peaks; otherwise, the cell will sense the surface as smooth.50
However, in a study with MG63 cells, focal contacts formed more
rapidly on smooth nanotopographies than on rougher anodized
surfaces.51 Recently, osteoblasts were found to respond better,
spreading and forming lamellipodia, to smoother surfaces on
microscopic length scales and rougher surfaces on macroscopic
Figure 5. Topographies of AFM images (tapping mode) and corresponding section analysis of 6mer (A1A2) and 6merþBSP (B1B2) proteins in
HEPES buﬀer 0.1 mM (pH 7.4).
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length scales.52 In the same study, results obtained with Staphylo-
coccus epidermis indicated that colonization was more eﬀective in
surfaces with roughness on the microscopic level.52 Because micro-
meter and nanometer scales aﬀect diﬀerent aspects of cell behavior
and diﬀerent cell types react diﬀerently to surface topography,51 it is
important to study the surface roughness over a range of length
scales.53
Finally, the behavior of the 6merþBSP protein in the presence
of divalent ions, Ca2þ and Mg2þ, was investigated. During the
past few years, the role of Ca2þ ion in the formation of protein
networks has been studied because of the importance of these
networks in mechanical properties. For example, the abalone
shell is a good example of a composite material formed by
calcium carbonate plates arranged between organic matrix layers
of β-chitin and proteins named lustrins.54 The organic layers are
responsible for the remarkable properties of these natural
composites43,54,55 acting as a organic adhesive holding the calcium
carbonate plates together. Smoth and coworkers43 used AFM to
carry out pulling experiments on freshly cleaved nacre surfaces and
obtained forceextension curves with a sawtooth pattern probably
resulting from the repeated unfolding of molecules, such as lustrin
A. This unfolding is the outcome of successive opening of folded or
looped domains of long molecular chains. When the pulling force
rises to a value close to that needed to break themolecule backbone,
a domain unfolds or a loop opens and the molecule needs to be
pulled again until another domain unfolds or a loop opens. Only
when all domains are unfolded and loops are opened does the
molecule ﬁnally break.43 Furthermore, when the applied force is
relaxed, the unfolded domains and open loops have the ability
to reform acting as a self-healing mechanism.43 These sacriﬁcial
bonds are believed to be the key for the outstanding mechanical
properties of natural biocomposites43.56 Divalent ions like Ca2þ
and Mg2þ are crucial for the formation of these sacriﬁcial bonds
because this mechanism relies on the formation of intra and
interchain ionic bond cross-links. Nacre organic matrix is rich in
acidic macromolecules in which carboxylate groups are strong Ca
binders55 and are probably involved in the formation of sacriﬁcial
bonds. Other AFM studies performed with the cement tube of
Phragmatopoma californica worms57 and with the cell wall of Cyli-
ndrotheca fusiformis diatom give similar results.58
Bone is also a good example of a natural biocomposite where
the formation of Ca-mediated sacriﬁcial bonds and the presence
of unfolded lengths are responsible for the stiﬀness and enhanced
energy dissipation.56,5963 The presence of many noncollagen-
ous proteins in bone organic matrix such as BSP and osteopontin,
in the case of bone, and amelogenin,64 in the case of dental enamel,
with a high number of negatively charged groups are capable of
binding together through the formation of Ca ionic bonds.63 This
organic matrix acts as glue embedding the mineralized collagen
ﬁbrils and is capable of dissipating energy through the rupture of
sacriﬁcial bonds and stretchingmolecules, preventing the formation
of cracks and increasing the total energy needed to fracture the
material, thereby contributing to the improved toughness.60 As in
the case of nacre, when the applied force is removed, the sacriﬁcial
bonds reform, allowing the bone to repair itself.56
Because it is still unclear which molecules are involved in the
formation of these protein networks and what bonds are resp-
onsible for keeping them together, some studies addressing the
network-forming behavior of diﬀerent proteins present in tooth
and bone organic matrix have been published. Fincham and
coworkers studied the self-assembly of a recombinant amelogen-
in protein and found that this protein was capable of forming
supramolecular aggregates that the authors suggest to be respon-
sible for controlling the formation of enamel crystals.64 More
recently, a recombinant osteopontin protein was reported to
form long aggregate networks and to dissipate large amounts of
Figure 6. Topographies AFM images (tapping mode) and corresponding section analysis of 6mer (A1A2) and 6merþBSP (B1B2) proteins in
HEPES buﬀer 0.1 mM with Mg in a ratio of 1:1000 (protein/Mg).
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Figure 7. Topographies AFM images (tapping mode) and corresponding section analysis of 6mer (A1A2) and 6merþBSP (B1B3) proteins in
HEPES buﬀer 0.1 mM with Ca in a ratio of 1:1000 (protein/Ca).
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energy when its molecules were pulled by an AFM cantilever
tip.19 In the presence of Ca2þ ions, the resistance of these protein
networks to the pulling force increased considerably.19 The same
authors performed similar experimentswith other proteins, namely,
BSP19 and dentin matrix protein,65 and the same network-forming
tendency was observed. As in the case of osteopontin, the presence
of Ca potentiated the network-forming behavior.
In the present work, one of the objectives was to study the
behavior of 6merþBSP protein in the presence of Ca2þ ions. In
the same way as other negatively charged proteins, osteopontin,
BSP, amelogenin, and dentin matrix protein, our chimeric silk-
BSP protein retained the ability to form supramolecular aggre-
gates, and in the presence of Ca2þ ions, these aggregates generated
networks which, as in the case of amelogenin,64 coexisted with
protein monomers and multimers. These structures were not obse-
rved in the presence of Mg2þ ion, which suggests aﬃnity of the BSP
domain to Ca2þ over other divalent ions as Mg2þ. The size of the
Ca2þ ion electron cloud may be the cause for this selectivity.66
Furthermore, in the case of the 6merþBSP protein, the
network-forming behavior could be potentiated because of the
presence of the spider silk domain (6mer). AFM mechanical
and structural studies with a recombinant dragline silk protein
showed that this protein spontaneously forms long nanoﬁbers
with high intersegment ﬂexibility. When subjected to a pulling
force, the force versus piezo extension curves displayed a saw-
tooth rupture pattern most probably due to the presence of
sacriﬁcial bonds.9 Similar patterns were obtainedwith the capture
silk ﬁbers from Araneus, an orb-weaving spider, where a pulling
force revealed rupture peaks due to the break of sacriﬁcial bonds,
which reform after relaxation of the ﬁbers.42 These rupture peaks
are also characteristic of the composite materials and proteins
mentioned above, placing silk ﬁbers in the category of the self-
healing biomaterials.42 Although we did not observe the forma-
tion of nanoﬁbers when the 6mer was dissolved in HEPES alone,
the formation of supramolecular complexes resembling ﬁbers
was observed when Ca was added to the HEPES solution. These
results are in accordance with the outcomes of other studies
where AFM67 and dynamic light scattering (DLS)68 were used to
assess the behavior of ﬁbroin, from Bombyx mori, in the presence
of Ca2þ ions. In these studies, silk ﬁbroin molecules gave rise to
intermolecular networks through the formation of ionic bonds
between divalent ions, mainly Ca2þ, and the anionic carboxylic
groups (COO) of ﬁbroin amino acid groups.67,68
CD spectra indicated that no conformational change was
induced by the presence of Ca2þ ions, suggesting that the
interaction between 6merþBSP and 6mer and Ca is probably
induced by electrostatic attractions rather than by a conforma-
tional change in the protein structure.69 Moreover, there are
some diﬀerences between the secondary conformations deter-
mined by ATR-FTIR and CD for 6merþBSP and 6mer proteins.
These diﬀerences are probably due to the diﬀerent treatments
to which samples were subjected before ATR-FTIR and CD
analyses. The treatment with methanol removes water molecules
from the 6merþBSP and 6mer ﬁlms, inducing a rearrangement
of the hydrogen bonding leading to an increase in the β-sheet
content.67 In the case of CD analysis, 6merþBSP and 6mer pro-
teins were dissolved in a aqueous solution, and water molecules
disrupt inter- and intramolecular hydrogen bonding, allowing
for protein molecules to move with greater freedom and thus
forming structures more ﬂexible than β-sheets.34 Additionally,
diﬀerent studies show the importance of proteinsolvent inter-
actions in protein structure, indicating that protein conformation
can change according to the solvent used.70,71 This is likely the
case for the diﬀerences in the secondary conformations obtained
with ATR-FTIR and CD analyses.
As previously mentioned and based on the results obtained by
diﬀerent authors, Ca2þ ions seems to be a crucial element for the
maintenance of mechanical integrity of many biological systems.
The development of new biocomposite materials for biomedical
applications is a desired goal. The design of novel organicinor-
ganic hybrid biomaterials,72 such as those described in the present
work, may provide a new family of high-performance structures for
bone regeneration. The results discussed above re-enforce the
potential of 6merþBSP proteins in the development of these types
of new hybrid biomaterials, where design principles can be em-
ployed in specialized designs for structural and functional outcomes.
5. CONCLUSIONS
The main goal of the present study was to assess the mechan-
ical and structural characteristics of a new recombinant protein,
6merþBSP, using AFM for imaging and force spectroscopy. In
our previous work,11 this protein retained mineralization poten-
tial attributed to the BSP domain and sustained human me-
senchymal stem cell proliferation and diﬀerentiation into the
osteogenic lineage. However, if this protein is to be used for bone
regeneration applications, then additional mechanical and struc-
tural studies are required. The force curves collected for the 6mer
and 6merþBSP ﬁlms showed that the 6merþBSP had a higher
stiﬀness, likely because of the glutamic acid residues. Further-
more, according to the behavior of the new recombinant protein
in the presence of Ca and as reported previously by others for
Figure 8. CD spectra for the 6mer and 6merþBSP recombinant proteins dissolved inHEPES buﬀer 0.1mM(pH 7.4), inHEPES buﬀer 0.1mMwithCa
in a ratio of 1:1000 (protein/Ca), and in HEPES buﬀer 0.1 mM with Mg in a ratio of 1:1000 (protein/Mg).
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osteopontin, amelogenin, and dentin matrix protein, the present
chimeric protein retained the ability to form supramolecular
networks in the presence of Ca2þ ions through ionic cross-
linking. This study shows the potential for new bioengineered
polymers, such as 6merþBSP, for the design of new nanocom-
posite systems. The presence of the silk domain in 6merþBSP
protein allows this biopolymer to be processed into diﬀerent
3D scaﬀolds. In addition, the BSP domain with its Ca aﬃnity
provides functions as an organic glue for use in new synthetic
nanoscale composites, cross-linking organic and inorganic com-
ponents, such as hydroxyapatite crystals, and increasing the
stiﬀness and toughness of these systems by dissipating energy
through the break of sacriﬁcial bonds.
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